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ABSTRACT
Here we analyze the water use rates for thermoelectric power generation with respect to cooling
system, plant type, plant age, geographic location and its relation to regional drought conditions
between 2001-2005. Open loop plants withdraw roughly two orders of magnitude more water
than closed loop plants, while consuming (i.e., lose water to evaporation) about the same amount.
A high degree of variability for water withdrawal and consumption rates exists for low capacity
facilities. The highest withdrawal rates are in the southeastern part of the United States. Power to
Water supply curves show that power generation limits exist for the various cooling types (i.e. at
some point, a large increase in water withdrawal corresponds to only a small increase in power
generation). Water supply curves also show the degree to which total power generation might
decline if water withdrawal rates had to be reduced due to prolonged and severe drought.
Facilities having the highest withdrawal rates are the most susceptible to prolonged and severe
drought. The point at which power generation begins to be significantly affected by drought
depends upon cooling type (e.g. open freshwater, closed tower with forced draft). For example, if
each plant that uses a closed loop, forced draft cooling system were limited to a water
withdrawal rate of 100 cubic feet per second, total power generation for that category would only
be reduced about 8 gigawatts. This means that if the maximum allowable withdrawal rate were
reduced by 50 percent from 200 cubic feet per second, the total power generation would only be
reduced 10 percent. The plants that are most susceptible to prolonged and severe drought are
Southeastern, 20- to 70-year-old coal and coke plants, which use freshwater, open loop cooling
systems. These same facilities are responsible for generating the greatest amount of electricity in
the US.
INTRODUCTION
Thermoelectric power plants account for approximately 40 percent of the total water withdrawn
in the United States (Mancino and Berger 2003). Thermoelectric power plants burn fossil fuels
or use nuclear fission to produce heat, which is used to boil water. The steam produced pushes
turbines that are connected to generators that produce electricity. Hydroelectric plants use the
action of water flowing down a gradient to turn their turbines. In both cases, large quantities of
water are required to keep each plant’s machinery at a functional temperature. When water is
scarce, heavy water users must cut back on their power production in order to continue operating
normally. The purpose of this paper is to further illustrate how water withdrawal and
consumption rates relate to thermoelectric energy production in the United States. Specifically,
we address the following: the geospatial distribution of power plants that use various fuel types
and cooling technologies, the water use efficiencies of various fuel types and cooling
technologies, the “supply curve” which exists between water and energy, water withdrawal and
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consumption in areas of extreme drought, and the general connection between fuel types and
cooling types.
METHODS
This study is based on data available through the Energy Information Agency (EIA), a map of
the US drought conditions for 2007 (US Drought Monitor 2008), and a comprehensive database
of United States zip codes (Banda 2008). The EIA publishes a number of reports each year
related to energy production and industrial water use rates for power plants in the US. Here we
rely on the EIA – F767 survey, which includes water withdrawal and discharge rate information,
and the EIA – F860 survey, which includes nameplate and summer energy production. The EIA
– F860 survey also includes fuel source type information and zip codes for individual plants. The
EIA – F860 (power) survey is comprehensive and includes 5,051 plants of all fuel types for the
year 2001. The EIA – F767 survey claims to include all non-nuclear thermoelectric power plants
which have a nameplate rating of greater than 100 megawatts. Another report has found that the
F767 is actually incomplete and under-represents natural gas plants (Sheldon 2008). As a
consequence, any figures which include water use information are only representative of the
information provided by the F767.
The raw data for the F860 are given for each generator in a plant. Individual generator capacities
were summed to produce a total generation capacity for each plant. Similarly, the water use data
for individual cooling systems in a plant were also summed to provide the total water use for
each plant. The average rates of withdrawal and consumption (i.e., water withdrawal rate minus
water discharge rate) were then determined for each plant over the 5 year period 2001-2005. The
average summer peak capacity at each plant covers the 6 year period 2001-2006.
Microsoft Excel and ESRI’s ArcGIS were used to compile and analyze the data in a geospatial
framework. In most cases, all plants included in the F767 survey were also included in the F860
survey; information was relatable between each by the “plant code” identifier. The F860 survey
also provides zip codes, which were the primary components for mapping. Novak Banda’s zip
code database (see footnote 6) relates zip codes to points of latitude and longitudes, which fall
wholly within the zip code area.
RESULTS
COOLING – OPEN VS. CLOSED
Two types of power plant cooling systems are in use today: open and closed. Open cooling
systems are typically associated with older plants. The technology is simpler, cheaper, and was
ready available by the mid 20th century. As time has gone on, thermoelectric plants have been
held more accountable for their water use—not only for the thermal and chemical quality of the
water that they discharge, but also for the amount of water that they withdraw. A consequence
has been the proliferation of closed loop cooling systems. An open loop system will withdraw
vast quantities of water from a nearby water source, cool the facility’s machinery, and then
return the heated water back to a downstream area of its source; freshwater open loop systems
typically use river water. Meanwhile, closed loop systems require far less water and typically
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utilize an evaporative cooling tower to dissipate heat. Closed loop systems may also use cooling
ponds or canals that are disconnected from other water sources.
Cooling towers are further divided into three types: natural draft, induced draft, and forced draft
(GlobalSpec 2008). Natural draft towers depend on the natural circulation of air to redistribute
and expel heat in the form of steam. Induced draft towers “induce” airflow in the tower with
fans located near the top of the stack. Forced draft towers “force” air into the towers from the
bottom, enhancing circulation. All closed loop systems consume nearly all of the water that they
withdraw (USDOE 2006). Noticeable differences exist in the cooling efficiencies of all seven
cooling types listed (Table B1).
Table B1. Cooling types listed.
Code
OC
OF
OS
RC
RF
RI
RN

Cooling System Description
Once through with cooling pond(s) or canal(s)
Once through, fresh water
Once through, saline water
Recirculating with cooling pond(s) or canal(s)
Recirculating with forced draft cooling tower(s)
Recirculating with induced draft cooling tower(s)
Recirculating with natural draft cooling tower(s)

For Figures B2 and B3, symbol size corresponds to percent of total national water withdrawal
rate and percent of total national consumption rate, respectively.
High water withdrawals are most commonly associated with freshwater open loop systems (OF,
shown in light blue, Figure B2). In several cases, high rates of water withdrawal are also
associated with closed loop systems, especially those which use cooling ponds (RC, shown in
maroon) and forced draft cooling towers (RF, shown in bright red). Withdrawals are heaviest in
the eastern United States, with the exception of several open loop facilities that use saline water
in the Southwest (OS, shown in light blue).
For Figure B3, recall that water consumption is roughly an order of magnitude less than water
withdrawal. High water consumption rates are more evenly distributed across the US, with
noticeable examples in the west-central United States. High consumption rates are clearly
associated with closed loop systems. Induced draft (RI, shown in orange) and forced draft towers
(RF, shown in red) are the primary consumers.
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Figure B2. Withdrawal rates by cooling type.

Figure B3. Consumption rates by cooling type.
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One means of comparing open and closed loop systems is by their efficiency—the amount of
water used (cubic feet per second) versus summer cap power (megawatts). In this case, higher
ratios correspond to lower efficiencies.
In terms of water withdrawal, the distinction between open and closed cooling types is obvious
(Figures B4 and B5). In general, closed loop power plants withdraw on the order of one percent
of the water that open loop power plants withdraw. Noteworthy exceptions are the plants which
use induced draft cooling towers (RI, shown in orange).
The shift from building open loop systems to closed loop systems is evident in Figures B4 and
B5. By 1990, very few open loop systems were being built. Induced draft cooling systems
continue to withdraw large amount of water.
Efficiency in terms of water consumption versus power production is significantly more
scattered. However, the shift from using open loop systems (shown as shades of blue) to closed
loop systems (shown as shades of red and orange) remains visible.
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Figure B4. Efficiency of water withdrawal.
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Figure B5. Efficiency of water consumption.
The following figures (B6 and B7) compare water withdrawal or consumption rates to power
production, and they exclude the temporal component of the previous graphs. The separation
between open and closed systems is evident. Both figures illustrate the significant variability of
water withdrawal rates at low energy production rates.
In Figure B6, for both open and closed loop systems, water withdrawal rates appear to level off
after at least 1.5 gigawatts of power are produced.
Figure B7 examines the relationship between water consumption and summer peak power
production. No obvious distinction between open and closed loop systems exists. The high
variability of water use rates remains for lower power generation.
Water consumption rates appear to level off to between 10 and 100 cubic feet per second for
plants which generate more than 1.5 gigawatts of power; this is partially a consequence of the
logarithmic scale used for the Y-axis.
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Figure B6. Summer cap power vs. withdrawal.
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Figure B7. Summer cap power vs. consumption.
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Figure B8 illustrates the relationship between power generation for various cooling types and the
corresponding amount of water withdrawal required (i.e., the “cost” in units of water withdrawal).
To construct these figures, we show non-cumulative rates of water withdrawal and consumption
as they relate to cumulative increases in power generation. The data are further sorted so that
individual withdrawal and consumption rates increase from left to right. In figure B8 for example,
the dark blue dot in the upper left corner represents the OC plant with the greatest withdrawal
rate (e.g. nearly 300 cubic feet per second). Meanwhile, the corresponding power generation
value on the x-axis shows the total cumulative power generation for all OC plants, including the
plant with the greatest withdrawal rate. The plant with the lowest withdrawal rate is therefore
plotted nearest the origin.
Steps are visible where a very small increase in power generation leads to a large increase in
water withdrawal. The phenomenon is related to the efficiency of various plants due to their
technological level and age.
Figure B8 is also useful for seeing where and how power plants might be affected if their access
to water were decreased. For instance, for the closed loop forced draft tower plants (RF, red), a
decrease of 1,250 cubic feet per second for each of the most water intensive plants would only
decrease total power production by about 10 gigawatts. A similar analysis can be performed for
each of the cooling types and may provide some insight about when power production will be
most harmed by decreases in water availability.
As long as water availability remains within the “step” area (signified by black lines, Figure B8)
for each cooling type, power production will remain largely unaffected.
The supply curve of water consumption shows similar trends in the relationship between water
use and power generation. Consumption rates are significantly less than withdrawal rates and
would be less vulnerable to prolonged drought or other water scarcity. Figure B9 is most useful
for identifying plants with unnecessarily high water consumption rates, and for illustrating the
differences between cooling types.
The significance of a comparison between cumulative summer cap and cumulative water use
values is not immediately obvious (Figures B10 and B11). The data show a summation for
increasing values of power generation and their corresponding cumulative water withdrawal
values.
The data also show points of departure from the x-axis; these areas show the point at which
power generation begins to require significantly more water than the status quo. For example, the
RF “point of departure” is at about 60,000 megawatts; this means that there a 60,000 megawatts
of power available from closed loop induced draft tower facilities that would be largely
unaffected by reductions in water use. Similar trends are visible for the RN, RI, and RC
categories. Most of the open loop systems increase fairly linearly and begin at the origin.
Total power generation in figure B11 appears to be larger (i.e. up to 150 gigawatts) by the mere
fact that Figure B10 is truncated, which is signified by the blue arrow.
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Figure B8. Supply curve for power vs. “cost” in withdrawn water.
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Figure B9. Supply curve for power vs “cost” in consumed water.
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FUEL SOURCES AND EFFICIENCY
Table C1 illustrates the wide range of fuel sources used to produce electricity. The three letter
abbreviations are standard for EIA reporting (i.e. these are the abbreviations used in the F860
data set. Not all of the specific types (e.g. synfuel, kerosene) show up in the original source data.
For the data analysis, these smaller categories into twelve categories that are more readily
decipherable; they are shown in the upper right.
Table C1. Fuel source categories and subcategories.

Figure C2 shows the number of power plants built through time. It does not take into account
production capacities. The plant age is defined as the age of its oldest generator. Most power
plants were built between 1981 and 1990. Gas power plants (light blue) were the most common
type built after 1989, with oil and coal plants (shown in purple and black) being the most popular
plants built between 1945 and 1980; hydroelectric plants (shown in blue) were the most
commonly built plants prior to 1944.
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Their appear to be very few plants built after 2005 (signified by the short bar), however the bar
to the far right only corresponds to a two-year period, rather than the five-year standard.
As time has gone on, fewer hydroelectric plants have been built. Natural gas plants have become
increasingly popular, as have biomass and biowaste plants. Nuclear power plants are usually
very large, given the nature of the technology, so relatively few have been built.

Figure C2. Power plants built through time.
Figure C3 shows high withdrawal rates for power plants according to their fuel type. The size of
the symbol corresponds to the rate of withdrawal by percent of the total withdrawal rate. The
color of the symbol corresponds to a specific fuel type. The highest withdrawal rates are in the
eastern United States.
Coal, natural gas, and oil plants dominate the landscape. Plants which have close to zero
withdrawal—which include all of the other fuel types—are not shown.
A similar map is shown for consumption (Figure C4). Coal-burning power plants of the westcentral United States are visible because of their high consumption rates. Coal, natural gas, and
oil power plants still dominate the landscape, with the highest consumption rates occurring in the
East. Arid regions of the United States should be especially concerned about high water
withdrawal or consumption rates (e.g. the desert Southwest).
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Figure C3. Relative water withdrawal rates across the US.

Figure C4. Relative water consumption rates across the US.
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Figures C5 and C6 show the efficiency of power production in terms of water use. High ratios of
water withdrawal and consumption correspond to low efficiencies of water use. Plant data points
are plotted on the X-axis according to the build date of the oldest generators.
Two groups are visible: one group is centered just below a ratio of 1:1 (i.e. 0.1 cubic feet per
second per megawatt); the other is centered on about 0.01 (i.e. 0.001 cubic feet per second per
megawatt). The graph for withdrawal is similar to Figure B4, which plots efficiencies by cooling
type. Consequently, we conclude that the different groupings correspond to different cooling
types and not fuel types. A general trend toward better efficiency is visible, whereby the average
ratio decreases as plant generator build dates increase. Many natural gas (GAS) facilities were
built in the past, but a preponderance of natural gas plants is visible after 2000 (shown in orange)
.
While the increased production of natural gas plants is still visible in the figure above (Figure
C6), no other significant patterns regarding water consumption efficiency through time appear to
exist.
Efficiency of Energy Production
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Figure C5. Efficiency of water withdrawal for power through time.
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Efficiency of Energy Production
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Figure C6. Efficiency of water consumption for power through time.
Figures C7 and C8 are of a type similar to those found in the “Cooling Type” section of this
paper (Figures B6 and B7). Here, summer cap values are plotted against withdrawal rates. The
color of the dots corresponds to fuel source rather than cooling type.
A few trends are noticeable (Figure C7). For all fuel types, there exist high withdrawal and low
withdrawal plants. Oil plants have especially high water withdrawal rates per megawatt of power
produced. For both open and closed cooling types, a high degree of variability in water
withdrawal rates exists for plants with low summer caps. Where greater than two gigawatts
(2,000 megawatts) of power are produced, the amount of water withdrawn appears to level off.
Again, this apparent consistency may be augmented by the logarithmic scale of the y-axis (i.e.,
water withdrawal rate).
Water consumption versus summer cap power production is wildly variable. In general, coal
plants tend to consume more water per megawatt of power produced than natural gas plants.
Together, gas and coal-fired facilities represent some of the largest (most productive) plants in
the United States.
Overall, the greatest variability in water withdrawal and consumption exists over low capacities.
At high capacities, withdrawal and consumption are more uniform across plants.
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Figure C7. Summer cap power vs. withdrawal by fuel type.
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16

THE PALMER DROUGHT INDEX (PDI)
The PDI is a standardized measure of drought severity and was developed by Palmer in 1965
(MSU 2008). Its calculation incorporates parameters for soil moisture content and frequency of
precipitation. It is important to note that the PDI is not a measure of aridity; the drought status
depends heavily upon previous rainfall data. For example, a desert region that has received one
millimeter of rainfall in the last month may be in non-drought conditions, whereas a temperate
region having received the same amount of rainfall would be experiencing extreme drought
conditions. Table D1 outlines the rating system and provides descriptions.
Table D1. PDI rating system.
PDI score
4.00 or more
3.00 to 3.99
2.00 to 2.99
1.00 to 1.99
0.50 to 0.99
0.49 to -0.49
-0.50 to -0.99
-1.00 to -1.99
-2.00 to -2.99
-3.00 to -3.99
-4.00 or less

Condition
Extremely wet
Very wet
Moderately wet
Slightly wet
Incipient wet spell
Near normal
Incipient dry spell
Mild drought
Moderate drought
Severe drought
Extreme drought

The rating system used by the U.S. Drought Monitor is an adapted version of the PDI. Its
calculation utilizes more accurate and numerous rainfall and soil moisture measurements.
Furthermore, its rating system only includes conditions of drought—from D0 (abnormally dry)
to D4 (exceptional drought). The Drought Monitor system is used for figures D2 and D3.
Anthropogenically induced climate change will have a significant impact on the severity and
frequencies of droughts (IPCC 2007). The US Drought Monitor’s severity index for 2007 is
shown in shades of grey to the left of the map. Overlain on the severity index are symbols which
correspond to the degree of water use (withdrawal in Figure D2 and consumption for Figure D3)
across the United States.
In the past, “water stressed areas” were those which had historically low precipitation rates and
high withdrawal rates (e.g. the desert Southwest). The drought of the last several years, which
has been most severe in the southeastern US, has made water withdrawal rates in this region a
concern. Figure D2 shows power plants which are most susceptible to decreased power
production because of decreased rainfall. The power plants of greatest concern are those which
are shown as a red dot, within a region of dark grey (i.e. high water withdrawal rates within a
region of low precipitation). Consumption rates (Figure D3) are of less concern, because water
consumption is typically much less than withdrawal on an absolute scale. High consumption
power plants are less likely to see a decline in energy production during drought conditions, even
in water stressed areas.
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Figure D2. Water withdrawal in drought areas.

Figure D3. Water consumption in drought areas.
18

FUEL SOURCE VS. COOLING TYPE
Lastly, figures E1, and E2 are taken from the EIA’s F767 survey of water use. The survey
purportedly includes all non-nuclear thermoelectric plants with a total nameplate capacity of
greater than 100 megawatts. A separate paper (Sheldon 2008) shows that this is not the case.
Therefore, total withdrawal rates and power plants built are only representative of the data
available through the F767. In general, natural gas facilities are underrepresented. The data are
useful for an analysis of cooling types as they relate to fuel sources.
Coal plants are fairly evenly divided between open and closed loop cooling systems, with the
majority of open loops being fresh water, and the majority of closed loop systems being forced
draft.
Natural gas facilities are evenly divided between cooling types.
By and large, open loop systems have been the most commonly built for cooling power plants in
the US. According to the data, most of these are coal; again, the natural gas facilities are
underrepresented. A more complete data set would yield truly representative results.

Figure E1. Fuels subdivided by cooling type.
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Figure E2. Cooling types subdivided by fuel type.
DISCUSSION
The geospatial and supply-curve analyses of thermoelectric plants in the United States reveal
strengths and weaknesses of our current state of energy production.
How would a prolonged drought impact power generation?
The first to be affected would be heavy water withdrawal plants which fall within the
most drought-stricken areas (e.g. the Southeast); see Figure D2. The plants with the
highest withdrawal rates are open loop—especially those which use fresh water.
According to the EIA – F767 survey, the majority of freshwater open loop plants are
older and coal-fired, although a significant number are natural gas and oil plants (Figure
D5). “Open Fresh” source plants make up the majority (Figure B8). Major energy-water
“steps” exist for each of the different cooling types; the steps are visible in Figure B8.
Plants for each cooling type begin to lose significant power generation at the base of each
step (i.e. up to a point, a significant decrease in water withdrawal corresponds to only a
small decrease in power generation).
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To what degree can different plant types alleviate drought?
In terms of water withdrawal rates per megawatt of energy produced, the worst offenders
are freshwater, open loop, coal-fired, thermoelectric facilities. Improving water use
efficiency at these plants (e.g. replacing open loop systems with closed loop) would save
appreciable quantities of potable water during drought times. Even shutting down these
plants would have relatively little effect on overall power production, but a noticeably
positive effect on water availability.
The effect that decreased water supplies would have on power plant production depends largely
upon the cooling type of each plant. As climate change begins to influence the condition and
availability of our water supply, state and federal legislators should consider passing waterrelated laws that directly protect our energy supply. Water and energy are related in no uncertain
terms, and with further analyses, we may find sustainable alternatives to heavy water withdrawal
power production—all to protect humanity’s two most valuable resources.
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